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PHOTOMICROGRAPHIC STUDIES OF FUEL SPRAYS
By DANA W. LED andROBEItT C. SPmCDR

suMMARY

A ikrge number of photomicrograplu of fuel eprays
were taken for the purpo8e of 8tudyirq7 ih epray 8truc-
ture and h proce48 of 8~ay formdon. They we
taken at mu@fyi7q pOW8T8of %6, (%.26,and 10, wing
a spark dischurge of very short du.raibn for i?&Lmha-
tion. Skverid typee and eizes of nozzk4 were inveztb
gaied, di$ereni liquio% were wed, and a & range of
injectbn preeeuree wa8 employed. The sprays were
photographed u they were injw-ted inlo a gkws+xd?ed
chamber in whtih the air den.eiiy UXMvaried from14
ahozphaee to 0.0013 aimoeplwre.

Within the range inveztigaied, the phobnicrograph.z
support the theory aabwed by Dr. R. A Cm&man, jr.,
to iwplain tha atomization of liquid fd in curbwretom
and in injected spray8. Wtih i.njecied eprays, the fuel
have-a the nozzle ae an unbroken column, ti rujled, and
tlwn torn inio 8maU, imgulur liganwm% by the adio-n qf
tha aw. The liga&8 are then quickly drawn up into
dTOp8by th+38Wf(Zi%tti of the fd. TwbuLsntful
ji’aw acceleraiee ih.e dt%inkgration qf the fuel jet by &-
jling h MLrfaceclose to the orij’ice, but )iu8 relatively emall
diaint~a-ting power ‘h dadf. when other fa&w8 are
kept con.dani the degree of dtiniegidun of the jet in-
oreaee with the dtince from tlw nozzle, the air density,
thefud VdXity, or thafd tuhdence,b-ddeereawe&h
an increase of fiul vieco+, 8&ace tension, or nozzle
O&X dbneter.

INTRODUCTION

More rapid and uniform mixing of the fuel and air
in the combustion chambers of fuel-injection engines
is casentialif the combustion proccm is to be controlled
and higher specific outputs obtained. Accordingly,
many experiments have been made to determine the
generrd shape, the rate of growth, the final drop size,
and the fuel distribution of sprays horn various types
of nozzles. However, the study of the manner in
which the fuel is divided into the millions of small
drops which cmwtitute a fuel spray has hitherto been
handicapped by a scarcity of direct experimental
evidence. Some inmMiigatms have discussed the proc-
ess of spray formation with particular emphasis on
vibrations and turbulent flow within the nozzle. (See
references 1 and 2.) Others have been most intxmsated
in the effects of the forces which rea.ilt from the rela-

tive motion between the fuel and the air. (See ref-
erences 3, 4, 5, and 6.)

The invdgation dqmribed in this report was made
to study the formation of fuel sprays by means of
instantaneous photmnicrograpli+ and to determine the
effect of various design and operating factors on the
characteristics of the sprays. The experiments were
conducted during the early part of 1932 by the Na-
tional Advisory Cmnmittee for Aeronautics at Langley
Field, Va.

APPARATUSAND TRST PROCEDURE

A microscope with c.anmraattachment was used to
take photomiorographs at~a magni@ng power of “1O
and a large camera with a short focus lens was used
for m-cations of 2.5 and 3.25.

The illumination for photographing the sprays was
supplied by a spark from the electrical circuit shown in
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Figure 1. The principle of this circuit is as follows:
The condensem A and B are charged to a high po-
tential by a transformer and a rectifying tube. When
the switoh controlling the discharge is closed, the small
condenser B discharges across the auxiliq spark
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gap C, ionizing the air in the gap and greatly lowering
its resistance. Condenser A then discharges across
both gaps C and D; the light from gap D is used to
photograph the spray, that from gap C being shielded
from the camera lens. The duration of the illuminating
discharge in circuits of this type is of the order of 10-7
second, provided that the resistance of the connecting
wires is low. (Seereference 7.) In this case, the capac-
ities of the condensers A and B were about 0.01 and
0.001 microfarad, respectively. They were charged to
about 30,000 volts and the connecting copper wires
were about 0.16 inch in diameter and as short as
practicable.

When taking photomicrographs, the spark gap is
mounted in front of a parabolic reflector, and the
reflector, spray nozzIe, and microscope are placed in
line so that the photomicrographs are Silhouettes.
A glass tube was slipped over the spark-gap points, to
confine the spark discharge to a reIativeJynarrow path.

The nozzl- were used in an automatic injection
valve and also as open nozzk. Figure z shows a

a, 60°

Fmm 2.-Sketch of antomntfa fnjatfon valm and enkrgel
vhw of nozzle asmmbkl fn valve

sketch of the injection valve and an enlarged view of
a nozzle assembled in the valve. The injection valve
was operated by the common-rail fuel-injection system
of the N. A. C. A. spray photographic apparatus.
@eference 8.) Synchronization of the spark with the
spray from the valve was accomplhhed by a rotary
disk switch on the shaft with the cams that control
the injection. The spark could be made to occur at
any desired stage in the development of the spray by
changing the phasing of the disk switch with respect
to the cam shaft. The sprays from the open nozzles
were continuous, the fuel being supplied tim a
reservoir arrmged to maintain a constant pressure for
several seconds. In this case the timing of the spark
was manually controlled. It has been shown by Roth-
rock in reference 8 that with the common-rail injection
system used there are pronounced fluctuations in the
instantaneous pressures at the nozzle during the
injection period. Thoreforej in order that the data
might be strictly comparable, continuous sprays from
open nozzles were used whenever possible.

coMbmrlmE FOR AXIRONAUTICS

For experiments at othor than atmospheric air
density, ~he sprays were injectad into a gi~+dled
chamber in which the air density could be raised by
admitting compressed air from an air bottle or lowered
by exhausting the chamber with a vacuum pump.

Except where otherwise noted, the fuel used in the
tmta was a Diesel fuel oil having, at atmospheric
pressure and a temperature of 22° C., a viscosity of
0.022 poise, and a specific gravi~ of 0.837.

RESULTSAND DISCUSSION

The fact that the photmnicrographs are silhouettes
must be kept in mind while studying them, because
frequently the core of the spray was the only part
dense enough to register on the films. Most of the
minute drops in the envelope of the spray surrounding
the mro could not be photographed. At high injection
pressures or high air densities the surrounding cloud
of drops became so dense that all details were obscured.
Therefore, in order to study the process of fuel spray
formation to the best advantage, the majority of the
photomicro=gcapbswere taken at low injection pressures
and low air densities. As the conditions were altered
pro=gcw&ely until angine conditions were approached,
the changes in the spray were carefully studied, and
from these observations there have been drawn a
number of general concltions about the formation
of fuel sprays.

A certain amount of discretion had to be used in
selecting representative photmnicrogmphs for illus-
tration. Variations and irregultitiea, probably caused
by fluctuations in the flow through the nozzle, were
often present in the fuel jets. Only a relatively small
portion of the jet could be photographed, and it somo-
times happened that one of thwe irregularities waa in
front of the lens when the illuminating spark occurred.
Therefore, severed photomicrographs were always
taken at each test condition, and pictures representa-
tive of the ‘general trend were selected. The con-
clusions presented in this report are based on the study
of about 2,800 fuel-spray photomicrogmphs.

TERMIN~LOGY

Many diilerent terms have been used by various in-
vestigators in describing the process by which liquid
fuel is transformed into fuel sprays. “Jet disintegra-
tion”, “disruption”, “collapse”, “decay”, and “break-
up” have been used, as well as the word ‘{atomization.”
h this report, the recommendations of Castleman
(reference 5) concerning the terminolo~ of fuel-spray
formation have been adopted whenever possible. He
proposed that the word “atomization” be limited to the
laststage of the process.,during which the fuel particles
Bttaintheir final size and form, and that the word ‘(dis-
integration” be used in connection with that part of the
processpreceding atomization. The term “dispersion”
has quite generally been accepted as denoting the ratio
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of spray volume to fuel volume. In this investigation,
dispersion was estimated qualitatively from the photo-
micrographs.

DIPPERENCIL9 Bf3TWEBN CONTINUOUS AND INTERMITTENT
SPRAYS

As has been mentioned, both continuous sprays from
open nozzles and intermittent sprays from an nuto-
matic injection valve were photographed. The fit
portions of sprays from the valve were considerably
more dispemed than the M er portions; however, -when
the sprrtyswere fully developed, their appearance was
the same as that of continuous sprays. The dMerence
in dispersion between the early and late portions of a
spray from the valve was most noticeable when the
injection occurred in a vacuum, where the restricting
influence of the air was much reduced. As the h

density

(8) At start Of SIH8Y.

sefit and the sudden surge when the fuel under prewure
is released contribute to this turbulence. With the
exception of Figures 3 and 4, all photwnicmgraphs of
sprays from an injection wdve, shown in this report,
were made when the spray was fully developed.

THEO= OF SPRAY FORMATION

kong recent works on the phenomena of spray for-
mation, the contributions of Haenlein, Castleman, and
Schweitzer are the most directly related to the work
that has been done at this laboratory.

Haenlein (reference 3) took spark photographs of
jets of liquids having a &de range of physical proper-
ties and obtained very deiinite information concerning
the nature of the disintegration of a liquid jet up to in-
jection velocities of about 230 feet per second. He de-
scribed four characteristic disintegration phenomena,
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(b) O.OMswond after start of spray.

FIGURE8.-TP7ostagas of6imf18rfntemdttantsprays h a veomm, X 10. Inkatbn msm% 8mQ Poand9 w sqoBm inm aria!% diameter, 0.014
inch; alr demfty, 0JXG3atmcaphm (prmnre ==2mm H% abednto);disbm frmnnczzl%8 frmlm

was incre&ed, this difference in dispersion
decreased untl at high air densities it was relatively
slight. This initial dispersion effect is shown quite
strikingly by .Egure 3, which shows two stagea in the
development of similar intermittent sprays injected
into a vacuum. The &t part of the spray is dispersed
very greatly, although the individual drops are rela-
tively lmge. However, 0.002 second after the start
the jet appears as an unbroken column. The general
appearance of the first and later portions of intermit-
tent sprays injected into air at atmospheric density is
shown by Figure 4. As the dispersion of the early
part of the spray is most apparent at low air densities
when the air has the least restricting effect, it seems
probable that the flow conditions at the start of in-
jection are such as to produce considerable turbulence.
The momentmy thrcking as the valve stem leaves its ]

407~16

which are dependent upon the velocity of injection:
(1) Drop formation accomplished solely by the surface
tension of the liquid; (2) drop formation where the
w-face tension is reinforced by air action; (3) wave
formation by the air; (4) sudden and complete disi-
ntegration of the jet. No explanation was offered for
the last phenomenon.

In references 4 and 5, Castleman has exprwed a
very reasonable explanation of the atomization of
liquids. He says, in reference 4:

The aatualprocessof atomizationin an air streamseems
rathersimple:A portionof thelargemassis caughtup (say,at
a pofntwhereitssurfacek ruflled)by theafrstremnand,being
anchoradat the otherend, is drawnout into a tie ligament.
Thisligamentis quicklyoutoff by the rapidgrowthof a dent
in ita surface,and the detaohedmass,being quite mnfdl,is
swiftly drawn up inta a sphericaldrop. (A quite similar
phenomenonocana whena largedropisdetachedfroma tube.
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The chief difference is that the ligament cormectiig the small drop to
the main mass is much finer than that connecting tho large drop to the
liquid in the tube, and, henc~ the time of detachment is enormously
less.) The higher the air speed, the finer the ligaments, the shorter
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their liveE, and the smaller the drops formed, within the limits discussed
above.

He also compares airless injection of fuel to air-stream atom-
LWLtiOnjand concludes that the atomization procms is the same

FOR AERONAUTICS

in each case, the formation of ligaments
beiug controlled by the relative velocity
between the air and the fuel.

Schweitzer discusses the mechanism of .
jet disintegration in reference 2. He mn-
phasizes the fact that rotationally symmet-
ric disturbances and wavelike disturbances
caused by the air can not possibly cuuse
such e.stremely he atomization aa occurs
in ordinary fuel injection, and gives prLr-
ticuhtr attention to the influence of turbu-
lent flow in the nozzle. Experiments me
cited in which fuel wns injected into a vac-
uum, and a distinct dispersion was noted at
Reynolds Numbers of about 3,500 rmd
above.

TYP= OF JET DISfNTEGRA’IION

The forms of jet disintegration analyzed
by Haenlein, caused by rotationally sym-
metric and wavelike disturbances, are illus-
trated in Figure 5. In photograph (a) of
this figure the jet velocity is so low that
the air plays no part, and the fuel column
is separated into drops solely by the forces
of su~ace tension. The beghming of en-
largements and contractions in the stream
is visible at somo distance above the point
of jet collapse. These inequalities in the
fuel column increase slowly at first, then
quite rapidly until the column is broken
into elongated fragments. These fragments
as they are falling through the air continue
to be acted upon by surface tension. They
therefore shorten themselves and, after w
series of oscillations in which they become
alternately elongated and flnttened, settle
down in the form of spherical drops.

In Figure 5(b), which was taken at rL
higher magnifying pow& than 5(a), the jet
velocity has been increased until the aerody-
namic forces also play a part in the disii-
tegnztion of the jet. The action of the air
on the fuel column may be similar to that
of the wind on the surface of a body of
water. If the relative velocity between the ‘
liquid and the layer of air close to its sur-
face increases at the wave crests md de-
creases in the troughs, the rwlt will be a
decrease in pressure r-d the crests and an
increase in pressure at the troughs. These
pressure dMerences will increase the am-
plitude of the waves, and, in the case of
the fuel jet accelerate its disiitegmtion.
(See reference 3.)
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In Figure 5(c) the jet velocity is still greater, and
waves have been formed in addition to the rotationally
asymmetricdistnrbanctw. Tke waves are also the
rwult of aerodynmnic forces, and at the higher veloci-
ties they develop more rapidly than do the rotationally
symmetic disturbances so that the jet is brokrm into
many irregular parta.

LIGAMENT FORMATION

The formation of ligaments and their collapse into
drops are shown in Figure 6. Virtually all photo-
graphs, except those at very low or very high pres-
sures, show such ligaments. At very low pressures
the relative velocity of the fuel and air is not sufficient
for ligament formation, and at very high pressures
the veIocity is so high and the ligaments so small uud
so obscured by the fuel particles in the spray envelope
that they are not distinguishable. The collapse of the
ligaments is seen to be very simiIar to the collapse of
a larger column, as described in connection with
Figure 6.

The similarity between the photomicrographs of
Figure 6 and the photographs made by Scheubel of
air-strwun atomization in a model carburetor (refer-
enco 9), indicates that the two methods of atomizing
fuel are fundamentally the same.

EFFECT OF TURBULENT FUEL FLOW

The question of fuel turbulence is associated both
with nozzle conditions and with Reynolds Number as
determined by “theinjection velocity, the orifice diam-
etar, and the kinematic viscosity of the fuel. II the
Reynolds Number is below a certain critical value,
any turbulence caused by nozzIe irre.gdaritiea wdl
tend to damp out, but if it is above the critical value,
an initial disturbance will persist. From experiments
with fluid fiOW in ~OJlg, URifOI’Rl tubes, this critic+d
value has been determined to be about 2,300. As
the ratio of the length to the diameter of the nozzle
bores was usualIy 2.5 or less, the use of Reynolds
Numbers to determine whether the flow was turbu-
lent or not is somewhat questionable. However, the
appearance of fuel jets injected into an evacuated
chamber, where the influanca of air forces must be
negligible, indicates that the Reynolds Number crite-
rion may be applied in most casea.

Figures 7 and 8 show a series of fuel jets in vacuum,
for which the Reynolds Number was varied from
1,500 to 9,ooO by increasing the injection velocity.
b these photographs, and in most of the othem taken
of injections into a vacuum, the nature of the flow
seems to be controlled by the Reynolds Number,
appearing to be laminar at %lues below the critical
and turbulent above it.

The disintegration of the fuel jets in vacuum was
much slower thsm in air. Sheets of fuel were thrown
out from the higher velocity jets, and these later split

.

into parts and were then drawn up into relatively
large drops by the force of surface tension. In no
case were any extremely fine drops formed in n vac-
uum, such as were observed when fuel was injected
into air.

PHOTOMICROGRAPEE AT VARIOUS DISTANCES FROM TEE NOZZLE

The progressive effect of the various forces acting
on the fuel jet may be shown quite distinctly by
photographing a jet at increasing distances from the
nozzle, other conditions being kept constant. The
photcmic~graphs in Figure 9 show the disintegration
of a low-velocity jet at various stages of the process.
The jet issuing from the oritice contains slight irregu-
larities, which may be caused by fuel turbulence or
by vibrations of the nozzle. These irregularities are
accentuated by the action of the air until the jet ccn-
sists of many irregular parts, which are then drawn
out into ligaments by further action of the air, and
the ligaments collapse to form drops. Here, at low
velocity, are found in modified forms the types of jet
disintegration prwiously described.

Photcmicrographs of a high-velocity spray at dii7er-
ent distancea from the nozzle are shown in Figure 10.
In this case, the relativo air velocity is high enough to
draw- ligaments away from the jet aa soon as it has
been slightly ruflled. -

k Figure 11, the velocity of the jet vm.sabout the
same as that in Figure 10, but the viscosi@ of the
fuel was 0.102 poke instead of 0.022. As was ex-
pected from the observations of other investigators,
jets of this fuel did not disintegrate aa quickIy aa jets
of ‘the Ims viscous fuel. Wavelike disturbances were
very prominent with the more viscous fuel, and the
Iigaments were long, md slow to cd.hpse into drops.

It is apparent from these photomicrographs that
the disintegration of a jet is a prcgrtive affair; aa
the distsmce from the nozide increases so does tho
degree of disintegration, until the relative velocity of
the fuel and air has become so low that interaction
no longer trtkesplace.

EFFECTOF AIR DENSITY

If the theory of atomization by ligament formation
holds, there will be little ten~ency toward the forma-
tion of extremely fine drops when sprays are injected
into a vacuum. The photomicrographs show that
although there is sometirrw considerable disintegra-
tion of fuel jets injected into a vacuum, in all such
cases the jet is merely broken up into relatively large
parts, or extended into wide sheets, and the drops are
always larger than in spi-ays injected into air. (See
figs. 3 and 12). As the air density is increaaed (fig.
12) the degree of disintegration of the jet at a given
distance from the nozzle becomes greater, and the
sizes of the fuel particlea are apparently reduced. .
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The 2.5-power photographs in Figure 13 show the
genend effect of increasing the air density. The
effective injection pressure in this case was main-
tained at 250 pounds per square tich above the
chamber pressure, and even at this low injection
pressurethe cloud of iine drops in the envelope becomes
very dmse when the chamber-air density reaches
vfduw corresponding to those in compresion-ignition
engines at the time of fuel injection.

An examination of the photomicmgraphs taken at
diilerent air densities and at different distances from
the nozzle, shows that, at a given injection prwsnre
and distance from the nozzle, an increase in air density
cnus~ n very decided increase in the degree of dis-
integration of a jet. Substantially the same results
may be obtained, however, by keeping the air density
constant nnd increasing the distance from the nozzle.
Thus it is seen that the disintegrating process is not
completed immediately, but continues as long as the
fuel retains enough velocity for the air to act upon it.
In dense air, the prows is more quickly carried to the
limits obtainable with the jet velocity being used,
but in air at low density the jet Iosw velocity more
slowly and travels farther, and the final effect is the
same, as shown in reference 10.

EFFECT OF THE CONDITION AND DIMENSIONS OF NOZZLE 0RLFICE9

It is a well-lmovnx fact that fuel jets fkom large
orifices penetrate farther than jets horn small orifices.
In air whose density is atmospheric or greater, air
forces predominate in the disintegration of the jet,
so that small jets with their high surface/volume ratio
are disintegrated sooner than large jets. Most of the
photomicrographs showed this faster disintegration of
small jets, other conditions being the same. As
deceleration of the jet increasw with its degree of
disintegration, the resson for the greater penetrating
power of large jets is apparent.

As will be noted when inspecting the various photo-
graphs of sprays in a vacuum, dMerent nozzl~ may
give greatly diiTerentdispersions at low air densities.
As this dHerence in dkpersion decreases rapidly with
increasing air density, it is of little importance with
re9pect to compression-ignition engines. In fuel-
injection spark-ignition engines requiring injection
during the intake stroke or early in the compression
stroke, the air density is low enough for this change
in dispemion to be effective,

Mgure 12 showed the effect of air density on the
dispemion of sprays from two nozzles, eaoh having an
orifice diameter of 0.008 inch but with different oriiice
lengths. In this case the spray from the ofice hming
n length/diameter ratio of 2.5 was more widely dis-
persed than that from the oriiice having a ratio of
0.5. When two nozzles having orifice diameters of
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0.014 inch and lengths of 0.006 and 0.028 inch were
tried, it was found that the shorter orifice produced
the greater dispetion. Four nozzles having orifice
diameters of 0.020 inch and lengths of 0.010, 0.040,
0.100, and 0.200 inch were also tried. In this case the
0.040-inch-long orilice produced the widest spray.
Nozzles similar to the ones used in the present ex-peri-
ments were used by Gekdles in his measurements of
spray-tip penetration. (Reference 11.) He found
that the spray-tip penetration was least with orifice
length/diameter ratios of 2 or 3, and greatest with a
ratio of about 6.

Photographs taken of jets from three nozzles
hm=i.agidentical orifice lengths and diameters, but
diiTering in other. rqmcts, are shown in Figure 14.
The nozzle for Figge 14 (a) was a straight hole in the

COMMITTEE FOR AERONAUTICS

the entire jet may be seen in the mrious chamcteristio
forms of jot disintegrntion. At higher injection
velocities the jet issues from the orifice in a turbulent
condition, and the irre=dar surface is nccenturded by
air action. The fuel is divided into smaller and smaller
parts until the air forces can no longer overcome the
resisting forces due to tho surface tmsion and vis-
cosity of the fuel. These smallest parts then colhpse
to form drops. Ligamenk mny be drown directly
from the unbroken colurmi soon after it has been
rufllled,but the mnjority me formed after the jet has
been disintegrated into parts. At vmy high velocities
the ligaments are so small that most of them will
probably not be visible in the photomic.rographs when
they are reproduced for publication. Ligaments have
been observed on the original negatives of sprnys

@) 0@3m Pit&d by rnsL (b) Oriace POlkbed.

FIQTJE!ZM.-change in dkpwskm when dLsturbin&!lntlnan~ are Pm?@ fn the Otim X 10. Ir@tirm lW@WUWl,WOponnda Mr sqtmre
bl~ millca dknebx, 0.CCE3inoix alr dmt!ky, 0.0352atmosPk3m (Pr@SJU9=4 mm HEGabxdnte); rlktanca from nozzl~ 3 Inok

center of a steel disk. The nozzles for (b) and (c)
were of the type shown in Figure 2, the di.fkmmce
being that for (b) the orifice was polished after it
was drilled out, but for (c) the orifice was left rough.

Another emrnple of the effect of small irregularities
in the nozzle on spray dispersion is shown in Figge 15.
Photograph (a) shows a spray from a slightly cor-
roded nozzle, and (b) shows a spray from &e same
nozzle after it had been carefully polished.

EFFECT OF INJECTION VKLO&

The effect of injection velocity on the disiitegwation
of fuel jets is shown by the photmnicrogiaphs of
I?iggres 16, 17, and 18. As the injection velocity is’
increased, the disintegrating forces which result from
air action and from fuel turbulence increase. At very
low injection velocities, when these forces are slight,

injected into air at a density of one atmosphere at
injection pressures as high as 4,OOOpounds per square
inch.

EIGH DISPERSION NOZZLES

Nozzles intended to give great dispersion are gen-
erally designed to produce a jet of fuel that has as
large a surface as possible exposed to the action of the
air. Flow conditions in such nozzles usually produce
considerable turbulence, and the combination of
turbulence and large surfaco exposed to the air causes
very rapid jet disintegration. Figures 19 rmd 20
show the flow conditions at the exit of some nozzles
of this type. For chmrness the injection velocities
were kept below 130 feet per second and the sprnys
injected into the atmosphere. Figure 19(a) shows the
pronounced whirling of the fuel as it leaves a nozzle
equipped with a helically grooved stem. Figure 19(b)
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(a) cenMfngPJ-tmM spray. (b) Spray from irnplnging-jets nozzle.

(0) Slitnomk (d) .Wt nozzle.

FIOWBE19.—Fknvmndltions at exit of some blgh~on nodes, X 10. Infection pressure, 1~ ponnds pa square Inch or less; alr den.
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shows the flat side of the spray from an impinging-
jets nozzle, just beyond the point of impingement.
Figure 19(c) shows the flat aide of a sheet of fuel in-
jected from a slit orifi.w in a hemispherically shaped
nozzle. The irregular waves were probably the result
of air forces. In Figure Ill(d) the flat side of a sheet
of fuel from n rectw@sz slit is shovm. The re.gulari~
of the waves and the fact that they seem to possess
their full amplitude as they leave the nozzle suggest
that they are the result of nozzle vibrations.

The low-velocity jets shown in Figure 20 were all
from slit nozzles. The turbulence of the flow shown
in photographs (a) and (b) was of such a nature that
a few large drops were thrown off at right mglea to
the main jet. The peculiar flow conditions shown in
(c) were caused by a alight obstruction in the slit
ofice. Photograph (d) shows examples of laminar
flow, forced vibrations, and turbulent flow in different
pnrts of a fan-shaped sheet of fuel.

EFFECrOF DIFFERENT LIQUIDS

Snss (reference 12) took 10-power photomicro-
gmpha of sprays of fuels hwing difkent v@osities
and concluded that the atomization improved as the
viscosi@- was decreased.

A number of photomicmgraphs were taken at this
laboratory using diiferent liquids to determine quali-
tatively the effects of yiscosity and surface tension on
spray formation. For convenience the viscosities and
surfnce tensions of the various liquids are listed in
Table I. AU valuea were determined at temperatures
as near as possible to those prevailing in the laboratory
at the tim~ the photomicrogmphs were takan.

TABLE I

PROPERTIES OF LIQUIDS USED

[Temp?ra~ ’27 Cl.:Pmwn% atXINXPhrfCl

Llqnld vlsccOisccOit,

Gmhe ----------------------------
Wti------------------------ I
EtbYl olwhol. -–_.–._...--.-.
D[@eI fnol No. 1----------------
Dle?al fuel No. 2--------------
Lubrfmw Of---------------------

: ~2

.0115

.022

.102
2.07

SmfasE
ten@iO#

Wcm

Representative photograpl& taken “nt J,5OOpounds
per square inch injection pressure vmre selected and
are shown in Figure 21. At higher injection pressures
the diilerences in behavior become more evident, but
nt such high pressuresand under these particular colIdi-
tions the photographs am blurred and unsuitable for
reproduction.

Examination of the photomicmgraphs of Figure”21
and the valuea given in Table I shows that for any one
set of conditions the degree of disintegration of the jet
decreases as the viscosity is increased. In the case of
water, a decided effect of the increased surface tension

in reducing the degree of jet disintegration is notice-
able. However, for such differences in surface tansion
as me found among the various fuels the effect i,,
negligible. ,.-.=,- ,

ATO%ATION b&kZt&i-MENTS

Most of the “photomicro=gyaphswere entirely un-
suitable for quantitative measurements of tho fineness
of the atomization. In the atmosphere the atomiza-
tion process was usually not completed in the region
photographed, md in dense air the photomicrographs

Fmwm!a-rhotomfaugmpb wed to InaiQre droptia for thnDksel
fuel No.lmrveof Figmo M

were not clear. In a few-crises, however, it waa possi-
ble to measure the sizes of the fuel particles from the
photmicrogmphs. An example of such rL photo-
micrograph is shown in Figure ’22. Only a very small
part of the spray was included in the field of the micro-
scope, and many of the fuel particles were irregular or
out of focus, so that the results may not be truly
representative of the entire spray. The atomization
measurements are included in this report because they
support some of the conclusions reached from a study
of all the photomicrographs.

Ii Figures 23 to 25 the ordinate of the curves show
what percenimge of the fuel volume was broken up
into drops havimg diameters between zero and the
vnlue of the absckaa. k Figure 23 cm-v= obtained by
measuring photomicrogmphs of sprays injected into
the atmosphere from an orifice 0.008 inch in diameter
nnd 0.020 inch long are compared with curves for
c~buretor atomization (from SCheubd, reference 9)
and with curves for fuel injections into dome air (datn
from Lee, reference 10). Erich curve is identified by
the relative velocity between the fuel nad the air.
For the carburetor sprnys this is the air velocity at the
Venturi throat, and for the injected sprays it is the
initial fuel-jet velocity. A strict comparison of these
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different sets of curves is impossible because of the
different fuels, nozzles, and air densitiw used, but the
fact ‘that the curves m-range themselms according to
their relative fuel-air velocities shows that it is this
factor which predominates. Moreover, the C1OSC
agreement between Scheubel’s curves for alcohol and
those obtained from photomicrographs of alcohol
sprays injected into the atmosphere supports Castle-
man’s conclusion that the rdmnization process in
injected sprays is the mrne as that in carburetors.

The curves in Figure 24 give atomization data for
four different liquids at 10TVfuel-air velocities. They
supplement the conclusions derived from a study of
the photomicrogmphs as to the effects of the surface
tension and viscosity of the fuel on jet disintegration.
At these low injection velocities the atomization of
Diesel fuel No. 2 and lubricating oil had not begun
at 5 inches from the nozzle, ‘the distance at which all
the atomization measurements wiire made.

As a supplement to the above experiments, atomiza-
tion measurements were made with Diesel fuds’ ATOS.
1 and 2 at an injection velocity of 765 feet per second
(pressure= 4,000 pounds per square inch) and an air
density of 1.01 pounds per cubic foot. The sprays
were caught on smoked-glass plates and the impres-
sions made there by the fuel drops were counted and
measured. For a complete description of this method,
see reference 10. The results of thtwe measurements

and forces resulting from the relative motion between
the fuel and the air. Atomization is accomplished by

Drqo diimeter, Inch

FIQUBE 24_-Atomfzatlrm dsta fer dhTerent ltqnfds. Orlk d[ametor,0.033
fnch;airdensfty, 1 atmosphere

air actiqg upon the fuel column rmd the detached
parts, tearing off fine, irregular threads or ligaments,
which subsequently col --
lapse into drops because of
the surface tension of tho
fuel. Tho observations of

100j- 1 I

/ 7rs r. /---

, 1 Y( n 1/ I I 1, I I 1 I I I I

Drop domefer, i&

FmuRE !B.-C!IJIO- of atomfmtimr data from dfffamnt mnrcas ,

are shown~in Figure 25. The atomization was finer
for the less viscous fuel, but the effect of fuel viscosity
was less pronounced under these conditions than it
was at low injection velocities and lo-ivair densities.

CONCLUSIONS

This photmnicrogmphic study of fuel sprays has
shown that the fuel leaves the nozzle as an unbroken
column, but is quickly disintegrated into many irregu-
lar parts by a combination of fuel-stream turbulence

~avrm 2.5.-Efleot of fuel vfacalty on
the tienessof tha atnmlz9tlm. In*
tfon Ixm9nre, 4@l palrlde per Lfqnaro’
fnch (fnftlaljet vafoalty abont 786feet
fmr mcand); orfllm dfarneter, O.OZI
fnoh; ok dansfty, 13atroospheres.

ligament formation and the results of drop size metts-
urements, within the range inves@mated, support the
conclusion of Dr. R. A. Castloman, jr., that the
atomization process in injected sprays is the same as
that in carburetors.

When other variables are held constant, the degree
of disintegration of the jet:

(a) Increases with distance from the nozzle, until
the disintegrating forces due to the relative velocity
between the air and the fuel are no longer sufficient
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to overcome the resisting forces due to the surface
tension and viscosity of the fuel.

(b) Increases with increase of air density.
(c) Increww with increase of jot velocity.
(o?) Decreases with incrense of ofice diameter.
(e) Decreases with incresse of fuel viscosity.
(f) Decrenses with increase of fuel surface tension.
(g) Increases with increase of fwl turbukwe. Fuel

turbulence accelerates the disintegration of the fuel jet
by ruflling its surface close to the orifice, but it has
relatively little disintegrating force in itswlf.

At atmospheric and subrkmospheric air densities
there may bc wide M%rences in the dispersion of
sprays from geometrically sim.ik nozzles, because of
different degrees of turbulence caused by slight
irre=gdmities in the nozzles. This difference is also
shown between tho early and late parts of sprays horn
nozzles used with automatic injection valves. At air
densities corresponding to thoso in compression-
ignition engines at the time of fuel injection the
differences me slight.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITYEE FOE AERONAUTICS,

LANGLEY I?IELD, VA., ZXzen&r 16, 19w.
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